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ABSTRACT
We present an analysis of the formation of atmospheric flux ropes in a magnetohydrodynamic
solar flux emergence simulation. The simulation domain ranges from the top of the solar
interior to the low corona. A twisted magnetic flux tube emerges from the solar interior
and into the atmosphere where it interacts with the ambient magnetic field. By studying the
connectivity of the evolving magnetic field, we are able to better understand the process of
flux rope formation in the solar atmosphere. In the simulation, two flux ropes are produced
as a result of flux emergence. Each has a different evolution resulting in different topological
structures. These are determined by plasma flows and magnetic reconnection. As the flux rope
is the basic structure of the coronal mass ejection, we discuss the implications of our findings
for solar eruptions.
Key words: magnetic fields – magnetic reconnection – MHD – Sun: coronal mass ejections
(CMEs) – Sun: magnetic topology.
1 IN T RO D U C T I O N
Coronal mass ejections (CMEs) are the most violent eruptions in
the Solar system. They can eject 1013 kg of plasma at 1000 km s−1
into interplanetary space (Chen 2011). Spectacular images from the
Solar Dynamics Observatory (SDO) reveal near-circular loop struc-
tures that carry plasma from the Sun into space (e.g. Koleva et al.
2012). As CMEs are responsible for some of the more destructive
aspects of space weather, it is important to understand all aspects of
their evolution, from formation to eruption. There exists a variety
of models whose aims are to describe the different aspects of the
CME life cycle. Here, we shall list some that focus on the evolution
of a flux rope. All of these model the solar magnetic field using
the magnetohydrodynamic (MHD) approximation. Some models
start with an unstable twisted flux tube (hereafter called a flux rope)
placed in the model corona. Via different ideal MHD instabilities,
e.g. the kink and torus instabilities (Bateman 1978; Hood & Priest
1979), the flux ropes can expand rapidly into the corona and achieve
typical CME speeds (To¨ro¨k & Kliem 2005, 2007).
The main dynamical drivers of the solar atmosphere are emerging
active regions. As these are the nurseries of CMEs, the relationship
between active region evolution and CME formation/eruption is an
important topic. There exists a series of numerical models that as-
sume the presence of an active region magnetic field in the initial
condition. This is a field with a simple topology, typically an ar-
cade or a potential bipolar region. The field is then deformed by
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the imposition of motions on the lower boundary of the computa-
tional domain (normally taken to model the photosphere). Depend-
ing on the model, these motions are shears (Kusano 2005; Aulanier,
Janvier & Schmieder 2012), rotations (To¨ro¨k & Kliem 2005) and/or
compressions (Amari et al. 2003). The common result is that an at-
mospheric flux rope is produced from the deformed active region
field through magnetic reconnection. The resulting flux rope can
then erupt as a CME through various mechanisms. For example,
Aulanier et al. (2010) identify the eruption mechanism in their
model to be the torus instability. In the breakout model (Antiochos,
DeVore & Klimchuk 1999), reconnection occurs above and below
the flux rope. The reconnection above the rope weakens the ten-
sion of the overlying magnetic field, clearing the path ahead of it.
The reconnection below the rope replenishes its flux and pushes it
upwards.
Another class of models includes the effects of active region
emergence. These can be divided into kinematic and dynamic. In
kinematic models, flux ropes emerge through the lower boundary
of the computational domain (photosphere) by imposed motions.
These ropes interact with the coronal magnetic field and, if the
conditions are suitable, can become unstable and erupt as CMEs.
For example, Fan & Gibson (2007) drive a flux rope, quasi-statically,
into their domain and find that it eventually erupts due to the torus
instability.
In dynamic models of flux emergence, the computational domain
normally models a region from the top of the solar interior to the
low corona. A magnetic field (e.g. a flux rope or flux sheet) is
placed in the solar interior and is either made buoyant or is given
an initial upward velocity. It is then left to evolve self-consistently.
There exists a large number of dynamic flux emergence simulations
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(e.g. Magara & Longcope 2003; Manchester et al. 2004; Arber,
Haynes & Leake 2007; MacTaggart & Hood 2009b; Fan 2009;
MacTaggart 2011; Fang et al. 2012). From these, and others, a
general picture of flux rope emergence has developed. The magnetic
field rises to the photosphere where it cannot continue to rise due
to buoyancy alone. Here, a magnetic buoyancy instability (Acheson
1979; Paris 1984) occurs, allowing the field to reach the corona.
More details can be found in a recent review by Hood, Archontis &
MacTaggart (2012).
In relation to the self-consistent formation of atmospheric flux
ropes (candidates for CMEs) within emerging regions, there have
been several recent dynamic flux emergence (hereafter referred to
just as flux emergence) simulations that address this. Archontis &
To¨ro¨k (2008) simulate the emergence of a twisted magnetic cylinder
that is placed in the solar interior. Once the field has emerged into the
atmosphere, the strong current of the cylinder drives a Lorentz force
that shears the emerged magnetic field along its polarity inversion
line (PIL). As it expands, there is a plasma pressure deficit within the
centre of the emerging region (MacTaggart & Hood 2009b), which
plasma drains into. This combination of shearing and compression,
which occurs self-consistently in flux emergence, produces a new
flux rope in the atmosphere. Depending on the configuration of the
coronal magnetic field, reconnection between it and the emerging
flux can allow the flux rope to escape. Archontis & Hood (2012)
have performed a parameter study for this setup.
MacTaggart & Hood (2009c) perform a complementary simu-
lation to that of Archontis & To¨ro¨k (2008), replacing the initial
cylindrical flux tube with a toroidal one. They demonstrate that
multiple flux ropes (and hence eruptions) can be produced from the
same emerging flux region. Recently, Moreno-Insertis & Galsgaard
(2013) have reported multiple eruptions in a flux emergence model
for coronal hole jets. Their initial condition contains a cylindri-
cal flux rope placed in the solar interior. It emerges into a constant
magnetic field that is at an acute angle to the plane-parallel model at-
mosphere. Previously, in field-free or horizontal field atmospheres,
it was reported that the cylindrical model only produces one at-
mospheric flux rope. The results of Moreno-Insertis & Galsgaard
(2013) suggest that CME flux rope production has as much to do
with the dynamics and magnetic field of the background atmosphere
as it does with the initial geometry of the emerging flux rope.
In this work, we revisit the simulation of MacTaggart & Hood
(2009c). By studying the magnetic topology of the emerging flux
region, we can identify the importance of magnetic reconnection
during each stage of its evolution. We analyse both of the two flux
ropes that are produced and discuss how they differ in topology.
The paper is outlined as follows: Section 2 describes the basic
model and numerical setup. Section 3 contains the analysis of the
simulation results. Section 4 concludes the paper with a summary
and discussions of further work with links to solar eruptions.
2 M O D E L D E S C R I P T I O N
2.1 Basic equations
The 3D resistive and compressible MHD equations are solved using
a Lagrangian remap scheme (Arber et al. 2001). In dimensionless
form, these are
Dρ
Dt
= −ρ∇ · u,
Du
Dt
= − 1
ρ
∇p + 1
ρ
(∇ × B) × B + 1
ρ
∇ · T + g,
DB
Dt
= (B · ∇)u − B(∇ · u) + η∇2 B,
Dε
Dt
= −p
ρ
∇ · u + 1
ρ
η| j |2 + 1
ρ
Qvisc,
∇ · B = 0,
with specific energy density
ε = p(γ − 1)ρ .
The basic variables are the density ρ, the pressure p, the magnetic
induction B (referred to as the magnetic field) and the velocity u. j
is the current density, g is gravity (uniform in the z-direction) and
γ = 5/3 is the ratio of specific heats. The dimensionless temperature
T can be found from
T = (γ − 1)ε.
We make the variables dimensionless against photospheric val-
ues, namely, pressure pph = 1.4 × 104 Pa; density ρph = 2 ×
10−4 kg m−3; scaleheight Hph = 170 km; surface gravity gph =
2.7 × 102 ms−2; speed uph = 6.8 km s−1; time tph = 25 s; mag-
netic field strength Bph = 1.3 × 103 G and temperature Tph = 5.6
× 103 K. In the non-dimensionalization of the temperature, we use
a gas constant R = 8.3 × 103 m2 s−2 K−1 and a mean molecular
weight μ˜ = 1. η is the resistivity and we take its value to be 10−3.
The fluid viscosity tensor and the viscous contribution to the energy
equation are, respectively,
T = μ
(
∇u + ∇uT − 2
3
I∇ · u
)
,
Qvisc = T : 12 (∇u + ∇u
T),
where I is the identity tensor. We take μ = 10−5 and use this form
of viscosity to aid stability. The code accurately resolves shocks by
using a combination of shock viscosity and Van Leer flux limiters,
which add heating terms to the energy equation.
The equations are solved in a Cartesian computational box of
(non-dimensional) sizes, [−80, 80] × [−80, 80] × [−20, 85] in
the x, y and z directions, respectively. The boundary conditions are
closed on the top and base of the box and periodic on the sides. The
computational mesh contains 3003 points.
2.2 Initial conditions
The initial idealized equilibrium atmosphere is given by prescribing
the temperature profile
T (z) =
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
1 − γ−1
γ
z, z < 0,
1, 0 ≤ z ≤ 10,
T ((z−10)/10)cor , 10 < z < 20,
Tcor, z ≥ 20,
where Tcor = 150 is the initial coronal temperature. The solar interior
is in the region z < 0, the photosphere and chromosphere lie in 0 ≤
z ≤ 10, the transition region occupies 10 < z < 20 and the corona is
in z ≥ 20. The other state variables, pressure and density, are found
by solving the magnetohydrostatic equation
d
dz
(
p + B
2
c (z)
2
)
= −ρg,
 at U
niversity of A
bertay D
undee on January 6, 2014
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
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Figure 1. Connectivity maps of the magnetic field in the plane y = 0 at (a) t = 63 and (b) t = 74. (a) shows reconnection at a single separator. (b) displays the
formation of plasmoids. Key: cyan – atmospheric flux, green – emerging flux, blue – flux from one side boundary in the x-direction connecting to one of the
footpoints, red – same as blue but for the other x-boundary and footpoint, black – field free.
where Bc(z) is a hyperbolic tangent profile, so that the field is
uniform in the corona and rapidly declines to zero at the base of
the transition region. The strength of the coronal field is taken to
be 0.01 (0.13 G). The orientation of the field is chosen so that it is
almost antiparallel to the field of the emerging flux tube when they
meet. This is along the negative x-direction in this simulation.
The initial toroidal flux rope, that is placed in the solar interior,
has the form
Bx = Bθ (r) s − s0
r
,
By = −Bφ(r)z − z0
s
− Bθ (r)xy
rs
,
Bz = Bφ(r)y
s
− Bθ (r)x(z − z0)
rs
,
with
r2 = x2 + (s − s0)2, s − s0 = r cos θ, x = r sin θ,
and
Bφ = B0e−r2/r20 , Bθ = αrBφ = αrB0e−r2/r20 .
This is derived from a regular expansion of a Grad–Shafranov equa-
tion (MacTaggart & Hood 2009b). The axis of the flux tube is posi-
tioned along the y-axis. s0 is the major axis of the tube and r0 is the
minor axis. z0 is the base of the computational box. α is the initial
twist and B0 is the initial axial field strength. A study of how varying
these parameters affects flux emergence is presented in MacTaggart
& Hood (2009b). In this paper, we adopt the same parameter values
as MacTaggart & Hood (2009c). These are B0 = 5, α = 0.4, s0 = 15,
r0 = 2.5 and z0 = −25. To initiate the experiment, the entire tube is
made buoyant. That is, a density deficit relative to the background
density is introduced.
3 A NA LY SIS
3.1 Rise phase
The flux rope rises buoyantly to the photosphere and then expands,
via the magnetic buoyancy instability, into the atmosphere. When
the emerging magnetic field meets the atmospheric field, it is dy-
namically dominant with maxz>0 |B| ≈ 0.8. As the emerging re-
gion pushes upwards into the overlying field, a current sheet forms
between them and reconnection ensues. To visualize this, Fig. 1 dis-
plays connectivity maps for the magnetic field at (a) t = 63 and (b)
t = 74 in the plane y = 0. Magnetic field lines are traced throughout
the domain and where they intersect the y = 0 plane they are given
a colour which depends on their connectivity. The green field lines
are connected to both of the footpoints of the emerging flux region.
The cyan field lines connect to the x = −80 and x = 80 planes
and represent the coronal magnetic field. Red field lines have been
reconnected and connect from the x = −80 plane to one of the
emerging flux rope’s footpoints. Similarly, blue field lines connect
from the x = 80 plane to the other footpoint. Black regions are
field-free.
As the (green) emerging flux system pushes into the (cyan) coro-
nal flux, more coronal flux is reconnected and the blue and red
regions grow in height. This is shown in Fig. 1(a). When the current
sheet becomes thin enough, a more complicated phase of reconnec-
tion begins. Plasmoids form and are ejected out of the current sheet.
Fig. 1(b) shows this in the connectivity map at t = 74. In 2.5D flux
emergence simulations (e.g. MacTaggart & Hood 2009a; Leake,
Linton & Antiochos 2010), similar behaviour is observed and is at-
tributed to the tearing mode instability. In the standard 2D analysis of
the tearing mode instability (e.g. Paris 1984), islands form in the cur-
rent sheet and grow through reconnection at null points. This is not
the case in 3D where more complex geometries exist. Instead of null
point reconnection, the plasmoids are formed by separator reconnec-
tion (Parnell, Haynes & Galsgaard 2010a). When reconnection first
occurs between the emerging magnetic field and the coronal field, it
takes place at one separator. This separator connects two clusters of
null points on either side of the emerging flux region. These nulls ex-
ist in the model transition region and low corona. Fig. 2 displays this
separator, calculated from the magnetic skeleton (Haynes & Parnell
2010). Similar behaviour has been found in other models of flux
emergence (Maclean, Parnell & Galsgaard 2009; Parnell, Maclean
& Haynes 2010b). The resulting magnetic topology of single sep-
arator reconnection (Fig. 1a) is relatively straightforward. As the
current sheet between the two flux domains becomes thinner, how-
ever, this separator undergoes several bifurcations and the number
of separators increases (Parnell 2007). This results in a much more
complicated magnetic topology, as shown in Fig. 1(b). In highly dy-
namic simulations such as this, it is difficult to pin down whether or
not the separator bifurcation is due to an instability or just plasma
motions. It does share several similarities with the tearing mode
instability in terms of the formation and ejection of plasmoids. We
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Figure 2. A plot of field lines at t = 63 corresponding to the different flux
regions. The field lines coloured in cyan, green, red and blue follow the same
convention as in Fig. 1. The purple field line that separates the four main
regions is a separator. The separator connects to two clusters of nulls, shown
as blue and red spheres. The slice shows Bz at the base of the photosphere.
shall refer to the process as tearing reconnection to distinguish it
from other smoother reconnection events, such as when the two flux
systems meet initially. We shall now discuss flux rope formation and
the important role of reconnection.
3.2 The first rope
Informative models (Mackay et al. 2010) have been successful in
producing flux ropes from simple magnetic arcades. This is achieved
through the imposition of shearing and compressional motions.
In combination with these motions, flux ropes can be formed with
reconnection (e.g. van Ballegooijen & Martens 1989; Kusano et al.
2004). A sheared and compressed arcade can also produce a ‘dipped
field line’ geometry for prominences without reconnection (e.g.
Antiochos, Dahlburg & Klimchuk 1994). As mentioned in the In-
troduction, shearing and compression occurs self-consistently in the
emergence of a flux rope (Manchester et al. 2004; MacTaggart &
Hood 2009b). Fig. 3 displays (a) the shear flows and (b) the com-
pression flows at the PIL (x ≈ 0) at times t = 109, 110, 111. These
are taken at a height z = 30. (The reason for this will be made clear
later by looking at the connectivity map.) From Fig. 3(a) the shear
flows are approximately steady at the PIL over the time interval
considered. For the times shown, the compression speeds increase
slightly with time but have a magnitude |ux| < 3 in the vicinity of
the PIL.
We shall now consider the ‘final state’ of the first rope (its shape
before it is dissipated at the top of the closed domain). Fig. 4
displays the connectivity map at time t = 111. The emerging region
has formed a rope-like structure at its height. Despite this formation,
however, there is no splitting or fragmentation of the green region
on the connectivity map. That is, although a flux rope forms in the
atmosphere that carries dense plasma upwards, there exists a thin
region of emerging magnetic field below the rope, starting from
z ≈ 30. Fig. 5 shows a 3D field line plot at t = 111. (The colours
of the field lines correspond to the same key as for the connectivity
maps.) Since the emerging flux domain has not split, there can be
no magnetic separators threading underneath the flux rope. Fig. 6
Figure 3. Flow profiles of (a) shear and (b) compression for the first rope
in the plane y = 0 at height z = 30. The main focus is between the two
vertical dotted lines near the PIL at x ≈ 0. The arrows indicate the direction
of the flow either side of the PIL. Key: solid – t = 109, double dashed – t =
110, dot–dashed – t = 111.
Figure 4. Connectivity map of the magnetic field in the plane y = 0 at t =
111. A rope-like structure forms at the top of the (green) emerging region.
The horizontal black line labelled 3 shows the cut taken for the graphs in
Fig. 3. Similarly, the black box marks the region displayed in Fig. 6.
displays a contour plot of log jy in the y = 0 plane at t = 111. The
vertical current sheet is clearly identifiable at x = 0, the location
of the sheared PIL. At z ≈ 40 the current sheet bifurcates, forming
a y-shape. Between the prongs of this y-shaped current sheet, at
z ≈ 50, there is an arc of enhanced jy. This corresponds to the flux
rope shown in Figs 4 and 5 and is due to the compression of the
magnetic field by dense plasma. Fig. 7 displays the plasma density
of the flux rope. The plasma follows the shape of the flux rope, a
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Figure 5. Magnetic field lines at t = 111. The colour key is the same as the
connectivity maps. A flux rope can be seen with a thin connective strip of
emerging field beneath.
Figure 6. A contour plot of log jy in the y = 0 plane at t = 111. The plot
highlights the top of the vertical current sheet and the position of the flux
rope above it.
Figure 7. An isosurface of log ρ at t = 111 displaying the geometry of the
atmospheric flux rope.
twisted sigmoidal loop, and closely resembles those observed using
SDO. There is a clear distinction between the plasma in the rope
and that in the connective strip.
In the analysis so far, it is plasma motion in the atmosphere that
deforms the magnetic field to produce the flux rope. A sheared
and compressed arcade forms during flux emergence and dense
plasma collects at the top of this (in the y-shape of Fig. 6) to
define the flux rope. That being said, our results do not preclude the
possibility of 3D reconnection occurring at quasi-separatrix layers
(QSLs) between the flux rope and the top of the vertical current
sheet. Such (generalized) 3D reconnection could also help to shape
the flux rope.
When the rope approaches the top (closed) boundary of the do-
main, it is dissipated away. The dense plasma carried up by the
rope either drains down to the photosphere or is supported by the
ambient magnetic field, remaining in the atmosphere.
3.3 The second rope
After the dissipation of the first rope, the emerging flux region
continues to push upwards as it did before. This time, however,
the geometry of the atmospheric magnetic field is different. During
the formation of the first rope, the tension of the overlying coronal
magnetic field was weakened by reconnection. This produced a
‘free path’ for the emerging region and second flux rope to move
into. Another feature of this is that the reconnected coronal field
lines connect down to the footpoints, providing a downward path
for draining plasma.
As the new flux emerges, it is sheared along the PIL. Fig. 8(a)
displays the shear profiles in the plane y = 0, at height z = 25 and
times t =131, 132, 133. As during the formation of the first rope, the
shearing speed maintains an approximately steady profile in time at
the PIL. For the times shown there is a gentle acceleration. It should
be noted that the magnitude of the shear flow during the formation
of the second flux rope is slightly less than that during the formation
of the first rope. However, the main point is that shearing continues
during the formation of the second rope.
Figure 8. Flow profiles of (a) shear and (b) compression for the second
rope in the plane y = 0 at height z = 25. The arrows indicate the direction
of the flow either side of the PIL. Key: solid – t = 131, double dashed – t =
132, dot–dashed – t = 133.
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Figure 9. Connectivity maps in the plane y = 0 at (a) t = 131 and (b) t = 134. These images show the connectivity before and after a significant change in
topology due to tearing reconnection. The black horizontal line labelled 8 shows the cut taken for the graphs in Fig. 8.
As mentioned above, field lines from the corona connect down to
the emerging region’s footpoints at the start of the formation of the
second rope. Draining plasma (brought up by emergence and left
over from the first rope) drains down these reconnected field lines
and results in stronger compressional flows near the PIL. Fig. 8(b)
displays the compression profiles in the plane y = 0, at height z = 25
and times t =131, 132, 133. As with the first rope, the compression
speeds at the PIL increase with time. However, the magnitudes are
now greater than |ux| = 3 and, in places, are double the values of
those for the first rope. These enhanced speeds result in a different
evolution for the second rope compared to the first. Fig. 9 displays
the connectivity maps at (a) t = 131 and (b) t = 134. At t = 131, the
shape of the (green) emerging region is similar to that during the
evolution of the first rope. A rope-like region forms at the top with a
thin region beneath connecting it to the flux at the photosphere. Due
to the stronger compressional flows, however, tearing reconnection
occurs. The map at t = 134 displays that what was previously a thin
green region has now split into islands. In this simulation, points
where all four colours (flux regions) meet are magnetic separators.
In another context, this signature could also represent a QSL or a
hyperbolic flux tube (e.g. Titov et al. 2009). To visualize the effect
of this tearing reconnection, Fig. 10 displays 3D magnetic field lines
slightly later at t = 136. Unlike the first rope, magnetic field from
the corona passes underneath the second rope, i.e. the second flux
rope has a different magnetic topology to that of the first.
Figure 10. Magnetic field lines at t = 136. The colour key is the same as the
connectivity map. The flux rope is now only connected to the photosphere
at the footpoints. The magnetic field directly beneath the rope is connected
elsewhere.
4 C O N C L U S I O N S
4.1 Summary
In this paper, we present a simulation of solar flux emergence where
two atmospheric flux ropes form self-consistently. Interestingly,
their evolutions display important differences that are due to the
dynamics in the atmosphere. When the emerging flux region first
begins to expand in the atmosphere, it reconnects with the overlying
coronal field in two stages. To begin with, reconnection occurs at
a single magnetic separator. This later splits into several separators
and plasmoids are ejected from the current sheet between the emerg-
ing flux and the coronal field. Although these are both examples of
separator reconnection, we refer to the latter as tearing reconnection
as it is associated with the dynamic expulsion of plasma.
Later, the emerging flux region produces an atmospheric flux
rope. This rope is connected by a thin layer of magnetic field, over
the PIL, down to the photosphere and below to the footpoints of the
emerging region. The flux rope is created by smooth deformations
in the atmosphere. One might describe this as an example of bodily
emergence. This term, however, does not reveal the full picture.
The deformation of the expanded emerging field, by shearing and
compression, plays an important role in moulding the geometry
of the flux rope. Its structure is determined by the dynamics in
the atmosphere, not just an upward expansion. The formation of
an atmospheric flux rope primarily by deformation, rather than
reconnection, has been inferred in other studies of flux emergence
(Fan 2009; Leake, Linton & To¨ro¨k 2013). This is the first time,
however, that the topology of the rope has been studied in detail.
As the simulation domain is closed at the top, the first flux rope
is dissipated away when it approaches close to it. Flux emergence
continues, however, and magnetic field continues to push upwards
from the photosphere. This time, the structure of the atmospheric
magnetic field is different. Reconnection between the first rope
and the coronal field has reduced the overlying tension above the
emerging flux region. Also, field lines from the corona now con-
nect down to the footpoints of the emerging region. Emergence
proceeds as it did for the first rope. This time, however, due to
stronger compressional flows, tearing reconnection occurs and a
second flux rope forms that is only connected to the photosphere
at its footpoints, i.e. it is a distinct loop. The reconnected coro-
nal field lines that connect down to the footpoints allow plasma
to drain efficiently. This plasma is a combination of that which
is left from the first rope and that which is brought up by the
second.
 at U
niversity of A
bertay D
undee on January 6, 2014
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
 
Reconnection and topology in flux emergence 7
By analysing the magnetic topology, plasma flows and forces
together, we have been able to gain a deeper understanding of the
process of flux rope formation from magnetic flux emergence.
4.2 Discussion
The vicissitudes of flux rope formation from the same region may
have interesting consequences. In this paper, we have only consid-
ered formation, with eruption being left for further study. To inves-
tigate this, the upper boundary will have to be increased. Different
profiles of the coronal magnetic field (decaying with height) will
also have to be tested. This will help to determine what instabilities
(if any) are responsible for the rise during eruption. It also remains
to be studied how the two different flux rope topologies will behave
during an eruption. It may be the case that the first rope topology
will not survive an eruption for two reasons. The first is that since
the rope’s plasma is not ‘trapped’ inside a twisted magnetic rope,
it will just drain away. The second is that if the vertical current
sheet beneath rope becomes thin enough for a tearing instability to
occur, the topology of the first rope might evolve into that of the
second.
Another extension to the model would be to include the diffusive
effects of Cowling resistivity in the chromosphere. As shown by
Leake & Linton (2013), this will affect the amount of sub-surface
plasma raised to the corona during emergence.
The formation of the second rope has interesting connections to
sympathetic eruptions – where magnetic activity in one region of
the Sun has a causal link to an eruption in another region. Sympa-
thetic eruptions have generated recent interest both observationally
(Schrijver & Title 2011; Shen, Liu & Su 2012) and theoretically
(To¨ro¨k et al. 2011). Although the draining plasma that helps create
the second rope, in this paper, comes from one emerging region,
the same effect is likely to occur if it flowed along field lines from
another region. What this model suggests is that sympathetic inter-
actions may be able to form atmospheric flux ropes as well as allow
them to erupt (as in Shen et al. 2012). In effect, a rope with the
topology of the first rope in our simulation could be converted into
a rope with the topology of the second rope in our simulation via a
sympathetic interaction. We shall pursue this line of enquiry in the
near future.
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